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Overexpression of murine TSLP impairs lymphopoiesis and myelopoiesis 
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Th» rote of thymic stromal cetl-derived 
tymphopeHetin {TSLP) in regulating hema- 
t<H»trais Is pooily characterized, so we 
investigated its regulatory effects in vivo 
u«ng TSLP transgenic mice. Overexpres- 
shsn of TSLP disrupted hematopoietic 
hotneostasfs by causing imbalances in 
lymphopoiesis and myetepotesfs. Mice 
harboring a TSLP transgmie liad 5- to 

Introduction 



700-fcMd feww B anct T precursors and no 
detectable pre-B lymphocyte col«Miy- 
fomiina acthfHy in the marrow or spleen. 
Conversely, TSLP transgenic mice pos- 
sessed 15 to 20 times more splenic my- 
eloid precursors than ttieir tlttermates, 
and progenftoractivityof thegranutocyte- 
eryfhrocyte^nacroiirfiage-megakaryocyte 
ccMony-formlng units was slgmficantly el- 



evated. The arrest in lymphopoiesis and 
the expansion of myeloid progenitor cells 
(n TSLP transgenic mice suggest that 
TSLP has negative and positive regula- 
tory effecte on lymphoid and myeloid 
development, respectively. {Blood. 2004; 
103:843-851) 
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Growth and differentiation of leukocyte progenitors are criticai for 
the establishment and normal ftmction cf the mammalian immune 
system. Appropriate development within the myeloid lineage 
contributes signifScanfly to protective innate immunity, and the 
maturation of cells from the lymphoid litieage is essentia! for 
adaptive immune responses to foreign antigens. Several studies 
have shown that failure to maintain homeostasis between myeloid 
and lymphoid development can cause profound pathophysiologic 
consequences, i Multiple cytokines regulate hcHneostatic mecha- 
nisms responsible for maintaining a physiologic balance between 
leukocytes in the lymphoid and myeloid lineages.' The cytokine 
thymic stromal ceil-derived lymphopoietin (TSLP) was originally 
identified as a biologic activity present in conditioned medium 
irom a thymic medullary stromal cell line.* This cytokine promoted 
both proliferation and differentiation of B220 ' pro-B cells from 
committed B220~ fetal liver progenitors. In long-term bone 
marrow cultures, TSLP acted at a later stage of B-lineage develop- 
ment leading to an increase in the number of imraature B 
lymphocytes.- These studies suggested that TSLP had overlapping 
fiinctions with a related cytokine, interleukin 7 (iL-7). In feet, 
TSLP and IL-7 are all members of a hematopoietic cytokine 
family that includes IL-2, IL-4, lL-9, 1L-I3, IL-15, and lL-21.»-'o 
In addition, the receptors for these cytokines share common 
receptor compi^nents. 

TSLP exerts its biologic effects through hs receptor, which is an 
IL-.7Ra chain and TSLPR heterodimer. Engagement of the TSLPR 
by its ligand initiates biochemical signals triggering the activation 
of STATS and jrc-famiiy tyrosine kinases.'-''-^^ Recently, Isaksen 
et al" demonstrated that a single tyrosine residue in the cytoplas- 
mic domain of TSLPR is critical for TSLP-mediated proliferation. 
Src-famiiy kinases, as well, are important for cell proliferation 



induced by TSLR- Several .sre- kinases are known oncogenes 
and given that they play an indispensable role in proliferation 
mediated by TSLP, aberrant expression of this cytokine could lesult 
in uncontrolled growth of TSLP-responsive cells and loss of 
hematopoietic homeostasis. Consequently, it is imi»rt8nt to have a 
clear understanding of the role of TSLP in lymphohematopoiesis. 
Yet in this regard, the biologic activity of TSLP in vivo and, 
spec'fically, its effects on lymphopoiesis or myelopoiesis have not 
been ftiily atidrcssed. 

The paihophysiologic relevance of TSLP in vivo has been 
investigated using transgenic mice expressing TSLP under the 
control of the proximal kk promoter. These mice have systemic 
inflammation and develop mixed cryoglobulinemia that evenhialty 
leads to the development of acute gbmerulonephritis."* These 
TSLP transgenic mice may have abnormalities in lymphohemato- 
poiesis, but the nature of these putative anomalies has not been 
established, Therefore, the involvement of TSLP in lymphohema- 
topoiesis remains unexplained. The use of tissue-specific promot- 
ers, such as the kk promoter, to drive cytokine overexpression may 
result in a restricted phenotype and underrepresentation of the 
cytokine's biologic properties. Tissue-restricted phenotypes have 
been reported in several transgenic mouse lines, including mice 
bearing IL-7 Uiansgenes under the control of tissue-specific promot- 
ers.""^ To avoid this complication, we generated mice transgenic 
for TSLP under the control of a ubiquitous ^-actin composite 
promoter"'^' to address Uie hypothesis that TSLP fiinctions as a 
regulator of lymphohematopoiesis. The goal of the current study 
was to determine if overexpression of TSLP in vivo would cause 
imbalances in lymphopoiesis and myelopoiesis. The resulting mice 
exhibited arrests of B- and T-cell development in the respective 
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primaty lymphoid tissues and a myelopfoiiferative s>-ndrome due controls after animals 
to the abnormal accumulation of myeloid ceils in the spieen 



Materials and methods 

Genm-ation of TSLP transgenic mice 

Total RNA was isolated with Tnzoi reagent (Life Technolc^ies, RockviJle 
MD) from CS7BL.'6 motise thymus and reverse transcibed astng St'PfR- 
SCRIPT il RNa.se H- reverse transcriptase (RT; In- ir<. ten C irlshad CA) 
The full-length cDNA franscrijrt was used as a temp late for polymerase 
chain reaction (PCR) ampHficarion using TSLP-specific primers dNTP 
(USB, Qevcland, OH), and 0.5 U Platinum Pfx DN.A. poJvmerase (all from 
Invitrog«i) under the following conditions: 94°C for 1 ininute ■i'' ST for i 
minute, 70X' for 1 minute, followed by 22 cycles orq4X for 30 seconds 
52.5°C for 30 seconds. 70°C for 30 seconds, and tinaliy 70"C for 10 
nnimites, TSLP primer sequences: CAC CAT GGT TOT TCT CAG GAG 
CCTC (Forward), TTCTGGAGATTGCATGAAGGAATACC{tcveree) 
The TSLP PGR product ms inserted into the pcDNA3.J vector using the 
Directional TOPO Expression Kit (lnvitit)gen) accordmg to the manufactur- 
er's instructions. When the pcDNA-TStP vector is exprrased in mamma- 
lian cells, TSLP protein is synthesized with the addition of 2 C-termtnal 
ep!t(^ tags, a V> viral epitope and polyhistidine. This vorsion of TSLP is 
refCTred to as tagged TSLP. Untagged TSLP lacks the C-terminal epitopes 
due to the insertion of a stop codon at the 3' end of the TSLP cDNA. EcoRi 
restriction endonuclease sights were added to the 5' end of TSLP and to the 
3' end of the polyhistidine tag by PCR using the foltowing primer pair- 
CCG GAA TTC TTG OTA COG AGO TCG GAT GG (forward) CCG 
GAA TTC CAC AGT GAA GGC TGA TCA GCG (reverse) and the 
PCDNA3.1-TSLP vector a., a template for PCR. The resulting gel-purified 
PCR product and 1 pCAGGS vector (a gift from Dr Jun-ichi Miyazaki 
In.s!iiute for Medical Genetics, Kumamoto University Medical School' 
Japan) were digested with 10 U EcoRl. Each digest was purified using the 
QIAquick PCR purification kit (Qiagen, Valoicia, CA); flien they were 
ligated with T4 DNA ligase (Promega. Madison. WO and used to traiisfonn 
Escherichia coli. RestrictiOTi enzyme digestions were performed to identify 
colonies with |Masniid vectors possessing the TSLP msert in the correct 
orientation. Piasmid DNA from the selected colonies was isokted with the 
HiSpeed Plasmid Midi Kit (Qiagen) and submitted to the University of 
Minnesota Advanced Genetics Analysis Center for sequencing. 

To recover the TSLP transgene from the pCAGGS vector, the eonstruci 
was digested with Pvu\ and SaR restriction enzynws. The digests were 
purified using separate QlAquick columns (Qiagen), then pooled. The 
entire voiume was used in a second digestion with Hinim. The reaction 
product was ethanol precipitated and sepaiated on a 1% agarose gel. The 
3-kb transgene was gd. purified as previously described, ethanol precipi- 
sated. and resuspended in TE (10 mM Tris [tris(hydroxyme%i)aminometh- 
1 mM EDTA [etbylenediaminetefraacetic acid], pH 7.5). The DNA 
tratioti was detetmined frwn the absiwbance at 260 nm using a 
Spectromax Plus spectrophotometer (Molecular Devices, Sunnyvale CA) 
A 400-p.L sample of the transgene (3 ng/nL) was submitted to the 
University of .Minnesota Mouse Genetics LaborattMy for microinjection 
mto fertilized C57BU6 mouse oocytes. Experimetits were CMiducted with 



It to 7 week.s ot age. Smgle-ccll 

suspensions of matrow an.i ^rep-io., usmg slenle 

fechrtajues NoUion and preparation ol smgle-.elJ v., pensions from 
munne raairo* were performed as previously described.^* Spleens were 
ntmced and gently pressed through a 7S-nm Nytex nylon mesh (Seftr 
\mcf,u. Kdnws City, MO) mii^ a 100 mm Pen, d'sh 'Ta'cAi F .nk n 
Lakes. NJ). Residual cells were rinwd from the nvioii mesh with stainin • 
buffer, which cotUaias Hanks balanced salt solution fHBSS' Mcdiatech" 
HetiKlon, VA), and 2% heat mactsvatcd leta! ^^.rjm (ftS Hs^ion^. 
Logan, m). Spleai cell suspensions were transferred to IS ml conicai 
tubes. The human embrvonie kidnev cell lire 2'n {kindlv provided by Kris 
Hogqutst, University of Minnesota!, the murine pre-B-ivmphocvte cell line 
NAG 8/7 (a generous gift from Andrew G Harr Universitv of Washin-non 
Seattle), and munne Baiy3 pro-B cell line ! 
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e ail maimamed m RPMn640 (Media- 
u""'r"'"^ '"-"^'-'"^'"''^ate'' (Hyclone). 2 mM gtutamine, 
U)0 II ml peuK. ,11, 100 ng,mL strepiomyc.n (al, fix)m Mediatech), and 
0.3 2-mercaptoethanol (Sigma, St Louis, MO). For the cytokine- 
dependent NAG 8/7 and Ba£/7 cells. 2 ng/mL recombinam TSLP (R&D 
Systems, Minncapoiis, MN) was add to the culture media. The 293 cells 
were used to transiently express tf»e murine TSLP constructs described in 
•'Generation of TSLP transgenic mice." 2W cells were (ransfected using 
PolyFect (Qiagen) according the manufacturer's instructiwis. 

Protiferatioti assays 

Where indicated, Baf77 ceils or NAG S/7 cells were washed 3 times in 
Ca^*Mg-'*-free HBSS (Mediate.*). Washed cells were resuspended in 
S(mim-freeUIttacuiture(BioWhitakfcer, Walkersviile. MD)and wereseeded 
tnto %.welS flat-brtlomed tissue culture-treated plates (Coming, Coming, 
NY) at a density of 2 X Iff- ceils/wet!. The cells were incubated in the 
absence of growth (actons for g hours then treated with 293 conditioned 
media or sera from transgenic or littermate mice diluted MOO with 
Uitocuiture (BioWMtaJcker). Cultures were incubated for 60 to 96 houi^ at 
37X in a humidified atmosphere containing 5% CO,. After the incubation 
the WST reagent, a tetrazolium .salt (Roche, indianapol is, IN), was added to 
the test wells, and the plates were reincubated for 30 minutes at 37°C 
Measunng the mitochondnal dehydrogenase cleavage of WST to fotmazan 
dye indicaies the level of proliferation. Cell growth was quantified using 3 
Spectromax Plu.s (Molecular Devices) to measure the absorbance of flje 
formazan dye at 450 nm. Inhibition assays were perfomied as above except 
that sera and cells were prefreated for 15 mimiles with 20 ag/mL 
monoclonal anti-lL-7 (M25) ^ polyclonal anti-TSLPR antisenim, respec- 
tively. M25 was a kind gift ftcHn Tom Waldschmit (University of \,mz 
Iowa City) and anti-TSLPR was generously iwovided by R & D Systetns. ' 

Mgltrparameter flow cytometric analysis 

pe foltowing antibodies ware obtaitKd from PharMingeu (San Dieao. 
CA): CD4, CD8, CD19, CD25. CD43, and CD44. IgD, IgM, Qr-1, Ter-U9 
were purchased from eBiosci«sice (San Diego. CA). These antibodies were 
conjugated to fliKireseein isothiocyMiate (FITC), phycocrvthrin (PE) 
allophycocyanin (APC). or biotin. Biofinylatcd antibodies were revealed 
with streptavidm conjupted to FITC, PE, or APC (at! fVwn PharMingen) 
Optima, working dilutions were determined for each antihodv and secmd- 
.iry lertgent pnoi to use. Intmunofioorescent labeling wfrs rLTthn^s-d witli 
10 to 10' primary cells Seeded into the wefU of %-we!! :>|.vt-s fCiinriis) 
rht. eells were washed once with staining buffer conta>iiir'>; 0 \H sodium 
azidfc then labclt-d with monoclonal antibodies. Following the labeling 
procedj ir I, .r nic , r tmoraycm D (/ AAD; 

' ' I "lil wi, .scd I :e,us>-nd the ceils. Cells 

n "^ .! '■'■"" ■' (.J^edon DickinsMi, San 

Jicgo, CA, Mu,t.p,arai,ieter daia iuialys.s was performed on live cells 
(7-AAD' ceils). 

Immunohistochemlstry 



lained from the femora, tibiae humeri, 
1.1S-ISLP tiansgenie mice and litiermate 



hxed m 10% neutrai-buftoed l<>rmaim, embedded in 
" (o 5 |xm. Paraffin sections were pretreated by 
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Figure 1. Generation of TSLP iransaenic mice and expression of transgene 
specific mHHA. (A) ScfiemaHc representiSlion of tf!6 TSLP transg^ construct 
containing the composite promoter CAGGS.« murine TSLP cONA fTSLP), 2 epitope 
tags: V5 and poljitiistldlne (po(y-Hls), and (lie fabM p^lc**) polyadenytaBon signal 
(poly A). (BJ RT-PCR analysis of TSLP transgene mRNA expression in bone msBrow 
fBM), spteen thymus fT). Wdnay (Ki. liver (L>. and heart (H) was examtaed TO 
indtcales transgenic: HPRT, hypoxanthine phosphoribosyl-(n 



micfowaving, (hen sSained using a staiidiird :tvi(.fiii-'^iV>i"i-pen)\'ri i«" t-on 
plex (ABC) niethod. The immune reaction^^ u-.-tc ■■ i^-ilized wi'h di i-ino 
benzidine (DAB; Dako- Carpinteris C ai Vcci ir Red (Vccro- Labo'in 

myeloperoxidase firnm n:iko) -md isolvpr •'iitched -rrckviint mtibovlii.'v 
were used. Tissue sections trom normal trace served as positive controts- 
All sections were countCTStained with Mayer hematoxylin (Dssko) 

Colony assays 

In a laminar flow hood, bone marrow and spleen cells were plaLvd in 
Methocult (Stemtell Technologies, Vancouver, BC. Canada) dfsigned to 
support growth ot pre-B (METHOCULT M3630> or gtwutocyte- 
erythrocyte-macrophage-megakaryocyte (GfiMM) colonies (METHOCULT 
M3434), The cells were cultured in a humidified atmosphere and 5% COj at 
a density of 5 X 10* and 2 X 10* ce!!s/mL tor the pre-B colony assay 
(colony-forming unit [CFUHL-7) and CPU-GEMM, tespec(ively. Colo- 
nies were enumerated using an inverted microscope after 14 days in culture. 

Cytokine/chemokine level determinalion 

Serum levels of IL-I(i, lL-2, IL-4, IL-5, 0.-6. IL-IO, IL-t2p70, IL-B, 
imerleron7(tFN.7), lumornecrosis factor ot(TNF-a), vascular endotfielial 
growth factor (VEGF), and CXCL2 (macroirfjage inflaiumatory jwotein 2 
[MIP-2]) were detormiiied by multiplex analysis using Ae Luminex meOmd 
(.Austin, TX) and tnurine-specific commercial kits (R&D Systems; Sf3i- 
sitivity 1-5 pg,'mL). The results were interpolated from standard curves of 
the relevant recombinant proteins (R&D Systems). 

Statistical analysis 

Using Sigma Stat 2.0 (Jandel Scientific, Chicago. IL), experimental 
differences between transgenic and littermate control mice were analyzed 
by the Student / test or the .Mann- Whitney rank sum rvonparam^c test 
d^MHsding on results from the Kolmogorov-Smimov test for normality and 
Levew! Median test for equal variwice. Statistical analyses wrae perfc^ed 
with data obtained from 2- to 7-wcek-otd mice. 



lA). The CAGGS promoter drives ufaiquiunjs expression of the 
gene of interest.^* To demonstrate that tagged TSLP w&uid 
roaintain biologic iKtivity, we compared the levels of proliferation 
of the TSLP-dependcnt Baf/7 cell line treated with conditioned 
media from 293 cells tnsnsiemly expressing either untagged TSLP 
or tagged TSLP vectors. Tagged and untagged versions of TSLP 
consistently promoted similar levels of Ba&7 cytoprolifet^tion 
(data not shown). Therefore, the construct containing tagged TSLP 
and the CAGGS promoter was used to generate TSLP transgenic 
;. Iti mice possessing the TSLP transgene, niRNA specific for 



the transgene was identified ir 



e tested, including bone 



maiTow, spleen, thymus, kidney, liver, and heart (Figure IB). 
Conveisety this transcript could not be detected by RT-PCR in any 
tissw firom nontransgenic littennates (Figure IB). These results 
cottfinn the identity of transgenic mice and the ubiquitous activity 
of Ae CAGGS promoter.-'' Translation of TSLP transgene mRNA 
and cytokine activity was confirmed with a biologic assay. Seia, 
from transgenic btJt not littermate mice stimulated proliferation of 
the cytokme-dependent NAGS/7 cell line's-'"''' (Figure 2A). To 
u)rroDorate the specificity of the bioassay for TSLP, polyclonal 
antiserum directed against TSLPR was used to block NAG 8/7 cell 
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Results 

Generation of TSLP transgenic mice 

Murine TSLP was cloned fiora thymic tissue then inserted in a 
vector (pcDNA3. 1 ) that would add, in frame, 2 CMcminat i^itope 
tags to the translated TSLP protein. The gene encoding tagged 
TSLP was subctoncd into a vector downstream of a composite 
promoter corapnsed of chicken p-actm and the human cytomegalo- 
virus enhancer (CAGGS) to create the TSLP transgene (Figure 



Optical OetisHy 
Fi9Uf» 2. Detection of biokigicaHy active ISLP in the serj 
(A) Sera from TSLP trar^s^lc (TG) mice but not wiW- 
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growth (mt shown). Anti-TSLPR prevented TSLP-indiiced eytopro- 
Uferation of NAG 8/7 cells but had no effect on IL-7-mediatcd 
ceUular proiiferation. Conversely, an 3nti-lL-7 monoclona] anti- 
body inhibited Baf/7 and NAG 8/7 expansion stimulated by IL-7 
but did twt biock TS LP- stimulated proliferation (not shown). 
SubseqiKrntly, this assay was used to demonstrate that NAG 8/7 
cellular proliferaticm induced by the sera of transgenic mice could 
be inhibited with anti-TSLPR but not by anti-IL-7 (Ftgi:re 2B). 
Stimulation of NAG 8/7 proliferation and inhibition of the prolifera- 
tive response with antibodtes to the TSL.PR was observed with all 
transgenic mouse serum samples collected from 4 independent 
rounds of microinjections. 

A total of 122 mice were obtained from a series of 4 
independent embryo microinjections. Of these mice, 1 1 possessed a 
TSLP transgene. The mean TSLP concentration 103 + 16 
ng/mL in sera obtained from transgenic mice, which was sienifi- 
cantty greater than the 23 ± 1 1 ng/mL TSLP detected in the ^ra of 
nontransgenic mice (/>< .001; n = 4 and 5 for transgenic and 
notttransgenic mice, respectively). Constitutive expr^ion of mu- 
rine TSLP caused profound moitidity and mortality; 40% to 80% 
of transgene-bearing mice were foimd dead by week 7, but no 
control animals died within the same period. The premature deaths 
of TSLP transgenic mice could not be associated with any gross or 
histologic manifestation of an infectious disease process (data not 
shown). Between 3 and 6 weeks of age 90% of TSLP transgenic 
di.splayed a ninted phenotype. This phenotype is reflected in the 
average body mass of 9.6 ± 2.6 and 19.9 ±6.4 g for TSLP 
transgenic mice and nontransgenic littermates, respectively 
(P ~ .035; n = 3 and 6 for transgenic and littermate animals, 
respectively). 

H«natologfc^nonna!lties in TSLP transgenic mice 
TSLP has beeti shown to promote the development of B lympho- 
cytes when added to lymphohematopoietic precursors in culture 
models of B lymphopoiesis. '■'•^'^ Others have reported, however, 
that TSLP plays no major rote during aduit bone marrow Jjropho- 
poiesis in either mice or humans.«-» Therefore, we examined 
hematopoietic and lymphoid tissues in TSLP transgenic m»ce to 
determine whether this cytokine augmented B-cell development in 
vivo. We observed a significant decrease in the number of 
nucleated ceils in the bone marrow of transgenic mice relative to 
littermate controls. The average number of cells obtained from TSLP 
transgenic nrice was 4.4 X 10* r 1.7 X iO* cefe-bone compared to 
18.0 X 10* i 7.2 X 1 0<' cells/bone fitim nontransgenic iittMmaes 
(P - .001 ; n = 6 and 7 fortjansgienic and litSennates, respectively). TTie 
thymic cellularity of TSLP teansgenic mice was also decreased severely 
with triyrnijses from (ninsgenic and littermate mice, respectively, 
containing 2.4 x 10* ± 3.6 x 10* cells and 170.0 X 10* ± 62 0 X 10* 
cells (P = .004; n = 6 and 5 for transgenic and httermates, respec- 
tively). In contrast to the pnmaiy lymphoid organs, (he H-mph mx\cs (not 
shown) and the spleens from TSLP transgenic mic^ wetL signihcantly 
enlarged. Mice bearing a TSLP transgene had an average of [ 
950.0X 10«± 580,0 X 10* spleen ceils, wiie.«Ls liltenmte spies 
contained 140.0 X 10* 2: 4L0 x J 0* cells (/>= .005; transgenic, n = 
lir;e.-trvit-,-. r. 7). These results si^est that TSLP has a role in t 
survival, prolifCTation, or diifCTentiation of lytnphohematopoie 
precursors. 

Suppression of lymphopoiesis in TSLP transgenic mice 

To detennine whether the abnormalities in TSLP trsMisgenic mi 
were associated with maturational defects in lymphopoiesis 



myclopoiesis, flow cytometric and histologic analyses were per- 
formed on primary and secondary lymphoid tissue from transgenic 
and nontransgenic mice. The percentages of marrow pro-B 
(CD19'CD43ngM") and pre-B {CD39-CD43-IgM") lympho- 
cytes were vastly underrepresemed in TSLF transgenic mice 
(Fsgure 3A). Indeed, the majority of CD 19- cells in She bone 
marrow of transgenic mire were IgM* B lymphocytes (Figure 3 A). 
This disparity in the B-tineage subset representation in TSLP 
toansgenic mice atid wild-type littetmates results, in part, from the 
100-fo!d reduction (P = .001) in the number of late pro-B cells in 
transgenic mice. B-lineage precursors prior to the late pro-B stage 
were also assessed b^ed on the expression of the terminal 
deoxynucleotidy! transferase (TdT) enzyme and membrane glyco- 
proteins as described by Tudor et al.^* These very early CD 1 9^TdT ' 
B-lmeage cells are considerably reduced in TSLP transgenic mice 
as well (not shown). Pre-B ceils and IgM^ B cells, although 
significantly reduced (P < .003), were only decreased 5- to 1 5-foid 
(Figure 3B), Moreover, bone mareow cells from TSLP transgenic 
mice failed to produce detectable numbers of pre-B colonies in 
CFU-IL-7 progenitor assays (Figure 4). Conversely, bone marrow 
from noiHian^genic littermates demonstrated pro-B progenitor 
activity as e.xpLxtcd (I-'igure 4). B precursors can populate the 
spleen and lymph nodes; such is the case with JL-.7 transgenic 
mice.29-w nierefofe, the spleens of TSLP transgenic mice were 
examined for the presence of CFU-IL-7 progenitor activity (Figure 
4). There were no detectable pre-B colony-forming cells in the 
spleens of TSLP transgenic mice, but pre-B colonies could be 
enumerated from the spieen celts of control mice, albeit at veiy low 
frequency (Figure 4). Thus, constitutive TSLP expression modu- 
lates B-lineage growth and development in manner distinct from 
the related cytokine, IL-7. 
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We aiso examined the influence of TSLP on thymocyte 
devebpment. in tlie normal Iittennates, CD4/CD8 double-positive 
(DP) cells comprised the majority of the celts in the thymus. In 
mice with a TSLP transgene, however, CD4 and CDS single- 
positjve cells constituted the largest subpopulations (Figure 5A). 
This reduced DP representation in the transgenic thymus correlated 
with arrested development within the CD4/CD8 double-negative 
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(DN) subpopulation, speciikally at the DN-II stage (CD25-CD44+- 
Figure 5A). Furthwmore, TSLP transgenic mice exhibited a 
reduction m cell numbers at all stages of thymoc>te maturation in 
comparison to their nontransgenic hftermates (Figure 5B), There 
were 50- fold and 700-foW reductions m the numbers of CD4/CD8 
DN and DP thymocytes, respectively (P < .005). Significant 
reductions in CD4 and CDS single-positive thymocytes were aiso 
observed (Figure 5B), 

It is well documented that a variet>' of pathologic conditions 
have an impact cm lymphocyte development and ftmction as a 
result of stress res^nses. which increase glucocorticoid secre- 
tjon.s I-* Given the sensitivity of i>'mphoc>le precursors to glucocor- 
ticoid-jnduce eel! death, the arrest in lymphopoiesis observed in 
TSLP transgenic mice may be a secondaiy effect to underlying 
pathophysiology in nonhematopoietic organ systems. TSLP, how- 
ever can directly inhibit lymphopoiesis in vitro. U.stng stromal 
cell-free cultures, we obtained reduced yields of CD19+ B-lineage 
cells m 4- to 1 0-day cultures when bone marrow progenitor cells 
were grown m the presence of TSLP (not shown). Similarly TSLP 
caused a 33% reduction in the number of CD4^CDS-^ thymocytes 
obtained from fetal thymic organ culmres.(data not shown) These 
m vitro observations are in accord with the inhibition of lymphopoi- 
esis that occtB^ in mice bearing a TSLP transgene. 

Despite the arrests in antigen-indepeindent B- and T- lymphocyte 
development, TSLP transgenic mice pcBsessed numbers of splenic 
B ceils and T cells comparable to their Itttermates (Figure 6). The 
spleens of transgenic mice contained 5 to 120 x 10'' and 13 to 
250 X 10' IgD ' and IgM" lymphocytes, respectively These 
numbers of B cells were not significantly different fi-om the amount 
of splenic B ceils in the littermates, which had 10 to 61 x 10" and 
14 to 79 X 10* IgD* and IgM^ lymphocytes, respectively (Figure 
6A-B). Lilojwise. the dilferences in the numbers of CD4- and 
CDS- T cells in transgenic versus control mice were not signifi- 
cantly diflferent. CD4 and CDS T-cell numbers in TSLP transgenic 
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mice ranged from i to 50 x 10« and 1 to 23 x 10,'^ respectively, 
whereas in tfie littermates, T-cetf subsets ranged firom 3 to 22 >: 10* 
and 1 lo ] 2 X 1 0* for CD4 and CDS (Figure 6C-D). The findings of 
profoundly suppressed lymphopoiesis in the primary lymphoid 
tissues and normal numbers of splenic lymphocytes in TSLP 
ttansgenie mice impiy that the arrest in lymphopoiesis follows an 
initial wave of lymphocyte development and the establisJiment of 
mature penpheral B- and T-ceil pools. Additionally, these finding 
suggest that TSLP does not appear to decrease the stirvival of either 
B ccUs or T cells within secondary lymphoid tissues. 

TSLI>stiRtutates myeloid hyperplasia in transgenic mice 

The most unexpected finding m mice possessing a TSLP transgene 
was the development of considerable myeloid hyperplasia. In 
TSLP transgenic mice the total splenic cellularity was increased 
approximately 7-fold above the total number of spleen cells found 
in nontransgenic littermates (P = .005). Flow eytometrie analysis 
of spleen cell suspensions from TSLP transgenic mice showed a 
significant (P < .04) increase in the numbers of both Terl 19^ and 
Gr-l* cells, which represent the erythroid and myeloid lineages, 
respectively (Figure 6E-F). Immuiwhistochemistfy was pedbmied 
to specifically identify the myeloid cell types pr^ent in the sple*n. 
Figure 7 shows the presence of numetoiis cells prodiicing myeloper- 
oxidase in the spleen of a TSLP transgenic mouse. Myeloperoxidase- 
positive cells are specific to the granulocyte lineage. In transgenic 
mice, these precursors are widely distributed throughout the spleen, 
whereas in die littermates granulocytes are much fewer in number 
(Figure 7). To further substantiate the myeloid hyperplasia present 
in the spleens of tonsgenic mice, we cultured cell suspensions in 
semisolid media under conditions that support the growth of 
uncommitted myeloid progenitor cells caj^ble of giving rise to 
CFU-GEMMs. Spleen cells fi-om TSLP transgenic mice generated 
many more CFU-GEMM colonies thm spleen cells from the 
nontransgenic littermates (Figure 8), Bone marrow cells from 
transgenic mice also generate CFU-GEMMs, as expected, bat there 
was no significant difference in the numbers of CFU-GBMlVIs 
generated from transgenic and littermate bone marrow suspensions 
(Figure 8). 

Several lines of evidence strongly suggest that cytokines that 
mediate ThI and Th2 immune responses play significant positive 
and negative regulatory roles in hematopoiesis."-" We investi- 
gated possible mechanisms involved in the suppression of lympho- 
poiesis and in the induction of extramedxillary hematqpoiesis. 
Cytokine levels in the sera of TSLP transgenic mice were 
determined. There was no difference in the levels of IFN-p or 
IFN-y, which are cytokines reported to suppress lymphopoiesis.-* 
We did observe, however, a significantly higher concentration of 
iL-5 (P - .003) in sera frojn TSLP transgenic mice. There was 
2.3 L8 ng/mL and 0.004 ± 0.004 ng/mL of IL-5 detected in 
fiveiy. This T„2 cytokine is 
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involved in extrameduilary hematopoiesis, although these mecha- 
nisms are not well characterized. Oar hypoth^s regarding the 
extrameduilary mydopoiesis observed in TSLP transgenic mice is 
that TSLP stimulates T lymphocytes to produce IL-5 causing the 
mobilization of myeloid progenitors from the bone marrow and 
subsequent trafficking to tte spleen. 
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Discussion 

We present findings indicating that mice harboring a TSLP 
transgene fail to maintain homeostasis of lymphopoiesis and 
myelopoiesis, Addhionally, the majority of mice die 5 to 7 weeks 
after birth. The high mortality of TSLP transgenic mice is most 
likely a consequence of several developmental aberrations invol v- 
ing cells and tissues of the immime system. The pathophysiology 
resulting from tiiese abnormalities may lead, secondarily, to 
compromised lung function and subsequent death. Taneda et'al'* 
attributed the principle cause of death in fc^-TSLP tt^nsgenic mice 
to severely compromised lung function. Pulmonary physiology and 
histology (not shown) from CAGGS-TSLP transgeti'ic mice de- 
scribed here strongly suggest the same cause of f tcatli reported by 
Taneda etal."* 

Antigen-independent lymphocyte development in the bone 
marrow and thymus is profoundly inhibited in TSLP transgenic 
mice. This was an unexpected finding because murine TSLP has 
be«i reported to substihite for lL-7 in promoting the growth and 
development of IgM* lymphocytes in vitro^'-^^ and has been 
shown to act as a comitogen on fetal thymocytes in conjunction 
with anti-CD3 stimulation,* Moreover, mice overexpressing IL-7 
have expanded numbers of B precursors and peripheral T cells.!" '* 
whereas TSLP transgenic mice have diminished numbers of 
progenitors from both lymphocyte lineages. 

The suppression of lymphopoiesis in mice carrying a TSLP 
h-aii.sgene progresses with age. Tv. n-v, cck-ohl transgenic mice have 
more pK-B and B lymphocytes m (he marrow than mice 5 to 7 
weeks of age. analogous situation occurs in the thymus: the 
younger transgenic mice have greater numbers of DN and DP 
ihyrnocjte;,. The mechanisms by which TSLP mediates this 
)3iogrcssive inhibition of lymphopoiesis have yet to be elucidated. 
It IS possible that TSLP may play some role in the nomial 
-suppression of lymphopoiesis that occurs as mice age.'"-^ In the 
TSLP transgenic mice, age-assocnated suppression of early lympho- 
cyte development may be accelerated as a primary or secondary 
consequence of the higher levels and increased availability of 
TSLP in transgenic mice. 
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Other mechanisms could explain the suppression of K nipbopt m- 
esis noted in CAGGS-TSLP transgenic mict tort -,1. liJ, at. 
kno%vn to induce eel) death in B and T precursor*. " "'^ f-!itJ;er arni 
associates have demonstrated that mice treated with cortiso! have 
decreased numbers of pro-8 and pre-B cells and have reduced 
th>Tiiic weights."* We cannot rule out the conlribiition of corticoste- 
roids to the inhibition of lymphopoiesis in T.SI.P transgetiic mice, 
but our resuhs differ from those of Laakko and Fraker in at least 
one important aspect. Cortisol-treated mice have more severe 
reductions at the late pro-B and pre-B stages of development, 
whereas pre-pro-B cells are Cortisol resistant** In TSLP transgwiic 
mice, by contrast, there is a greater in^ct on early B lym(Aopoi- 
esis prior to the pre-B-cell stage (Figure 3B) than <*served in 
cortisol-treated mice. Moreover, cortteol-treated mice show an 
increase in marrow granulocytic precureois, but TSLP transgenic 
mice do not ptKsess si^ificantiy elevated irjyeloid precureors within 
the bone manow. Anttoigens and estrogens also decrease Ij-mphopoi- 
esis; nonefteless, we do not believe that CAOGS-TSLP tran.sgenic 
mice have significantly elevatied levels of sex steroids. These mice 
do not manifest any other characteristics associated with high 
levels of sex hormones,''^''* Most notably, TSLP transgenic mice 
lack the increased bone density (not shown) associated with 
chronic sex steroid administration..^ Although the iitjpact on 
lymphopoiesis may appear similar in these different mouse models, 
it seems likely that the mechanisms responsible for the inhibition of 
antigen-independent lymphocyte development are different. 

Whether it is by primary or secondary means, the manner in 
which TSLP regulates lymphopoiesis is important for our undw- 
standing of both how the immune system develops and the 
homeostatic mechanisms that prevent imbalances among cells 
itivolved in innate and adaptive immune responses. Previous 
reports have speculated that TSLP and IL-7 have partially redun- 
dant functional characteristics. Yet, the distinct phenotypes of 
TSLP and IL-7 transgenic mice suggest otherwise. Mice overex- 
pressing IL-7 display profound pre-B-cell hyperplasia. ^^-^ By 
contrast, bone marrow and thymic lymphocyte precursors in oor 
TSLP transgenic mice are reduced significantly. Mature B and T 
lymphocytes, however, are still detectable in the bone marrow and 
thymus, respectively, albeit at very low levels. In contrast to the 
primary lymphoid organs, there was tremendous cellular expansion 
within the secondary lymphoid tissues of mice overexprtssing TSLP 
The exuberant extiamedullary mydopoiesis present in the spleens of 
TSLP transgenic mice signifies another striking difference between 
IL-7 and TSLP transgenic mice. The contrast in phenotypes of the 
respective transgenic mice supports an ahernattve premise that 
TSLP and IL-7 have unique biologic activities and cellular targets. 

Our studies showing that TSLP inhibits B lymphopoiesis appear 
to contradict previous r^Mrts disclosing the ability of TSLP to 
increase the yield of B-lineage celts, particularly IgM ' B lympho- 
cytes, using in vitro models of B lymphopoiesis/''^'' -' The differ- 
ences between our results and those previously published reflect 
the alternative ejqjerimental approaches used in exaniinina the 
funcyons of TSLP. Although it can be difficult to make corapan- 
sons in the outcomes of in vivo and in vitro experimenLs, we 
determined the mean TSLP concentration in the sera of transgenic 
andnontransgemcmieetobe 103 ± l6ng'mLand23 ± H ng/mL, 
respectively Reported TSLP concentrations ranged from 5 to 100 
ng/mL' *-" in cell culture experiments. The disparity between our 
in vivo results and the observation reported by others using ceiS 
culture systems may relate to differences in cytokine availability 
and specific activity. We predict that both the availability and 
specific activity of TSLP are considerably greater in transgenic 



inn\: iSiuiung m a more comprehensive representation of its 
i5Kiti,);;jc Citcc;:i, \vhk^ri;as in vjiro models of lymphopoiesi.i exog- 
enously supplied with TSLP may provide only a minimal represen- 
tation of its potentiai biologic activiiy. Moreover, .tiromal celis, 
through direct interactions with B precursoi K. modulate the eftVcts 
of negative regulatory signals in vitro. '" Specificatly. stromal cell 
interactions occurring with in vitro culture models ofB lymphcHXu- 
ests may attenuate any negative regulatory effects of TSLP. 

in die TSLP transgenic mouse, myelopoiesis is increased in the 
spleen. This fSndiiig implies that ovsrexpression of TSLP promotes 
extramedullary myelopoiesis. The effect of murine TSLP in culture 
sj^ms that generate myeloid celts, such as the Dexter-type bone 
marrow cultoires, has not been reported. Sims et aF contend that 
TSLP does not stimulate myelopoiesis in fetai liver cultures. This 
contradiction to the results presented here may represent evidence 
suggesting that TSLP differentially modulates the fates of uncom- 
mitted or partially committed progenitor cells during the distinct 
ontogenic phases of fetal and aduit lymphopoiesis. For example, 
Caivaiho et aF* have described a pathway of B lymphopoiesis 
that is active early in life and is IL-7 independent, supporting the 
notion that hematopoietic precursors from fetal and adult stages 
of hematopoietic development are unique in their response to 
some cytokuies. 

The ability of spleen cells from TSLP transgenic mice to 
generate significantly more CFU-OEMMs than the conh-oi mice 
demonstrates that in vivo TSLP stimulates myeloid lineage cells, 
which causes extramedullaiy myelopoiesis. We show, for the first 
time, that murine TSLP can influence leukocyte development 
within the myeloid lineage, a characteristic previously attributed 
only to human TSLR« We have not established whether the 
enhanced myelopoiesis observed in TSLP transgenic mice is a 
direct effect of TSLP on hematopoietic progenitor celis. Lineage- 
negative progenifots, which lack membrane glycoproteins associ- 
ated with all mature blood cdl lineages, express TSLPR mRNA,'» 
and a portion of these cells hast the poteatiid to give rise to myeloid 
precursors.-''"-" Currently, we are characterizing the lineage 
potential and growth requn^ments of these prospective cellular 
targets for TSLP. TSLP may also be stimulating ceils to produce 
cytokines that direct myelopoiesis or, conversely, inhibit lympho- 
poiesis. Of interest is a previous study reporting that lL-5 trans- 
genic mice display extramedullary hemalopoiesis in the spleen." 
Surprisingly, IL-5 was greatly elevated in the serum of TSLP 
transgenic mice. A provocative hypothesis is that TSLP modulation 
of IL-5 may be the mechanism responsible for myeloid expansion 
in our transgenic mice, 

Recently, human TSLP has been shown to stimulate dendritic 
cells (DCs). 5* TSLP-activated DCs then prime naive T;, cells to 
produce Th2 cytokines such as IL-4 and IL-5.^ It has yet to be 
established if the production of IL-5 in TSLP transgenic mice 
occurs due to similar T-cell and DC interactions. However, flow 
cytometric studies from our laboratory revealed the presence of 
TSLPR on T cells and DCs in the spleen and lymph nodes (P.L.R., 
MJ.O., and K,-S.R.S.T., manuscript in preparation, December 
2(K)3). The release of hematopoietic cytokines from T cells or DCs 
may occur in response to TSLP stimulation. With respect to DCs, 
the distribution of murine and human TSLPR expression appears to 
be similar,'* suggesting that murine and human TSLP may play 
comparable roles in activating DCs and regulating Tn2-media.ted 
cytokine production. 

Notwithstanding the involvement of murine TSLP in lymphohe- 
matopoiesis, it may also participate in r„2 immune responses as 
was demonstrated for its human counterpart." Human TSLP 
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activates DC-medialed proaliergic imm 
the production of Th2 cytokines, including fL-S.**--"* Because ^,-5 
is abundant in TSLP transgenic mice, levels of other Th2 t^okines, 
siich as IL-4, IL-6. and IL-10, may be elevated, which would 
further implicate murine TSLP involvement in proa!Iergt.c immune 
responses. Such a finding wonM be significant aivd (MX)vide a 
comparable experimentai mode! for understanding the role of 
human TSLP in normal and abnormal Tnl-biased immusiiy. As the 
precise molecular mechanisms that mediate TSLP responses me 
elucidated, they may reveal cellular paAways that could serve as 
therapeutic targets to combat inutiune dysfunction and abnormai 
lymphohematqpoiesis. 
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